Context. The TESS satellite was launched in 2018 to perform high-precision photometry from space over almost the whole sky in a search for exoplanets orbiting bright stars. It has opened new opportunities to study variable hot subdwarfs, white dwarfs, and related compact objects. Targets of interest include white-dwarf and hot-subdwarf pulsators, both carrying high potential for asteroseismology. Aims. We present the discovery and detailed asteroseismic analysis of a new g-mode hot B subdwarf (sdB) pulsator, EC 21494-7018 (TIC 278659026), monitored in TESS first sector using 120-second cadence. Methods. The TESS light curve is analysed with standard prewhitening techniques, followed by forward modelling using our latest generation of sdB models developed for asteroseismic investigations. By best-matching simultaneously all the observed frequencies with those computed from models, we identify the pulsation modes detected and, more importantly, we determine the global parameters and structural configuration of the star. Results. The light curve analysis reveals that EC 21494-7018 is a sdB pulsator counting up to 20 frequencies associated with independent g-modes. The seismic analysis singles out an optimal model solution in full agreement with independent measurements provided by spectroscopy (atmospheric parameters derived from model atmospheres) and astrometry (distance evaluated from Gaia DR2 trigonometric parallax). Several key parameters of the star are derived. Its mass (0.391 ± 0.009 M ) is significantly lower than the typical mass of sdB stars, and suggests that its progenitor has not undergone the He-core flash, and therefore could originate from a massive ( 2 M ) red giant, an alternative channel for the formation of hot B subdwarfs. Other derived parameters include the H-rich envelope mass (0.0037 ± 0.0010 M ), radius (0.1694 ± 0.0081 R ), and luminosity (8.2 ± 1.1 L ). The optimal model fit has a double-layered He+H composition profile, which we interpret as an incomplete but ongoing process of gravitational settling of helium at the bottom of a thick H-rich envelope. Moreover, the derived properties of the core indicate that EC 21494-7018 has burnt ∼ 43% (in mass) of its central helium and possesses a relatively large mixed core (Mcore = 0.198 ± 0.010 M ), in line with trends already uncovered from other g-mode sdB pulsators analysed with asteroseismology. Finally, we obtain for the first time an estimate of the amount of oxygen (in mass; X(O)core = 0.16 +0.13 −0.05 ) produced at this stage of evolution by an helium-burning core. This result, along with the core-size estimate, is an interesting constraint that may help to narrow down the still uncertain 12 C(α, γ) 16 O nuclear reaction rate.
Introduction
The NASA Transiting Exoplanet Survey Satellite (TESS ), successfully launched on 2018 April 18, is the latest instrument dedicated to high-precision photometric monitoring of stars from space. Besides its main objective to identify new exoplanets transiting nearby stars (Ricker et al. 2014) , TESS is expected to contribute significantly to the study of stellar variability, extending in particular the use of asteroseismology for all types of pulsating stars. An important asset of TESS, compared to its predecessors -K2 (Howell et al. 2014) , Kepler (Borucki et al. 2010; Gilliland et al. 2010) , CoRoT (Baglin et al. 2006) , and MOST (Walker et al. 2003 ) -is the much more extended sky coverage as, Send offprint requests to: S. Charpinet during the two-year duration of the main mission, the satellite will survey over 90% of the sky, avoiding only a narrow band around the ecliptic already explored, in part, by K2.
The TESS nominal two-year survey is sectorized, with each sector consisting of a nearly continuous observation of the same 24 • ×90 • field for ∼ 27 days. Some overlap between sectors exists for the highest northern and southern ecliptic latitudes, meaning that some stars can be observed longer. In particular, stars located in the Continuous Viewing Zone (CVZ), close to the ecliptic caps, could be monitored for as much as a year. TESS data products include Full-Frame Images (FFI) taken every 30 minutes and containing the entire field of view, as well as short-cadence observations sampled every 120 seconds, providing a better time resolution for a selection of approximately 16,000 stars per Article number, page 1 of 24 arXiv:1910.04234v1 [astro-ph.SR] 9 Oct 2019
sector. An even faster 20s-cadence mode is also considered for a small selection of rapidly varying objects (including evolved compact pulsators), but this "ultra short" sampling rate will only be available for the extended mission that will follow the original two-year survey.
Efforts have been made since 2015 to assemble lists of evolved compact stars, mostly white dwarfs and hot subdwarfs, to be submitted for the shortest cadence modes. This was coordinated through the TESS Asteroseismic Science Consortium (TASC) 1 Working Group 8 (WG8), which ultimately proposed an extensive variability survey using the TESS 120s-cadence mode for all known evolved compact stars brighter than ∼ 16 th magnitude. A shorter list of selected objects, mostly fast white-dwarf and hotsubdwarf pulsators that critically depend on the planned 20 s-sampling, is also kept updated for the upcoming extended mission. These target lists were assembled from existing catalogs of hot-subdwarf and white-dwarf stars, further enriched by discoveries of new objects of this kind obtained by dedicated efforts conducted from ground-based facilities 2 . To date, approximately 2,600 white dwarfs and 3,150 hot subdwarf stars are scheduled to be observed by TESS as part of the TASC WG8 120s-cadence list, while the 20s-cadence list counts approximately 400 targets 3 .
Monitoring pulsating hot B subdwarf (sdB) stars with TESS is one among several objectives pursued by TASC WG8. The occurrence of nonradial pulsations in sdB stars provides an extraordinary way, through asteroseismology, to probe their inner structure and dynamics. Hot B subdwarfs are associated with the so-called Extreme Horizontal Branch (EHB), forming a blue extension to the Horizontal Branch. These stars correspond to low-mass (typically ∼ 0.47 M ) objects burning helium in their cores (see Heber 2016 , for a recent review on the subject), and as such, they are representative of this intermediate phase of stellar evolution. They differ from classical Horizontal Branch stars mainly at the level of their residual H-rich envelope, which has been strongly reduced during the previous stage of evolution, leaving only a thin layer less massive than ∼ 0.02 M . As a consequence, sdB stars remain hot and compact (T eff ∼ 22 000 -40 000 K, log g ∼ 5.2 -6.2; Saffer et al. 1994 ) throughout their He-burning lifetime (∼ 150 Myr) , and never ascend the Asymptotic Giant Branch before reaching the white dwarf cooling tracks (e.g., Dorman et al. 1993) .
Two main classes of sdB pulsators have offered, so far, the opportunity to use asteroseismology to investigate this intermediate evolutionary stage. The V361 Hya stars (also named sdBV r or EC14026 stars from the class prototype; Kilkenny et al. 1997 and see the nomenclature proposed by Kilkenny et al. 2010) were the first to be discovered and oscillate rapidly with periods typically in the 80 -600 s range that correspond to low-order, low-degree p-modes. These modes are driven by a classical κ-mechanism produced by the accumulation of iron-group elements in the "Z-bump" region (Charpinet et al. 1996) . This accumulation is trig-1 https://tasoc.dk 2 Dedicated efforts in preparation for TESS have been carried out from Steward Observatory (U. of Arizona, USA), Nordic Optical Telescope (Spain), South African Astronomical Observatories (South Africa), Piszkéstető (Konkoly Observatory, Hungary). 3 Information can be found from TASC WG8 wiki pages accessible from https://tasoc.dk after registration. gered by radiative levitation (Charpinet et al. 1997 (Charpinet et al. , 2001 . The second group is the V1093 Her stars (sdBV s , PG1716, or "Betsy" stars; Green et al. 2003 ) that pulsate far more slowly with periods typically in the 1 − 4 hour range, corresponding to mid-order (k ∼ 10 − 60) gravity (g-)modes driven by the same mechanism Jeffery & Saio 2006) . A fraction of these stars belongs to both classes and are usually referred to as hybrid pulsators (also known as the DW Lyn or sdBV rs stars; Schuh et al. 2006) .
The advent of space-based, high-photometric-precision instruments has played a fundamental role in unlocking the application of asteroseismology to the long-period g−mode sdB pulsators. Prior to this "space age", detailed asteroseismology of sdB stars was limited to sdBV r pulsators (e.g., Charpinet et al. 2008, and references therein) . Despite efforts carried out from the ground (Randall et al. 2006a,b; Baran et al. 2009 ), it had proved extremely difficult to differentiate g-mode pulsation frequencies from aliases introduced by the lack of continuous coverage, particularly due to the long periods and low amplitudes (∼ 0.1%) typically involved. This difficulty was overcome when CoRoT and Kepler observations Østensen et al. 2010 first provided much clearer views of the g-mode spectrum in these stars. Since then, many studies based mostly on Kepler and K2 data have enriched our general understanding of g-mode pulsations in hot B subdwarfs, and in some case provided new insight on various properties of these stars (e.g., Reed et al. 2011; Østensen et al. 2014; Telting et al. 2014; Zong et al. 2016a ; Baran et al. 2017; Kern et al. 2017; Ketzer et al. 2017; Zong et al. 2018; Reed et al. 2019) , such as their rotation rate (see, e.g., Pablo et al. 2012; Reed et al. 2014; Charpinet et al. 2018, and references therein) .
However, to date, detailed quantitative asteroseismic inferences of the internal structure of sdB stars exist only for a dozen p-mode pulsators (see, e.g., Van Grootel et al. 2008a,b; Charpinet et al. 2008; Randall et al. 2009; Fontaine et al. 2012 , and references therein) and three g-mode pulsators (Van Grootel et al. 2010a,b; Charpinet et al. 2011) . The latter analyses have established the great potential of g-mode asteroseismology that was envisioned for these stars. Gravity modes, because they propagate far into the stellar interior, as opposed to p-modes, which remain confined to the outermost layers (Charpinet et al. 2000) , have the potential to reveal the structure of the deepest regions, including the thermonuclear furnace and the core boundary structure (Charpinet et al. 2014b,a; Ghasemi et al. 2017) . Van Grootel et al. (2010a,b) and Charpinet et al. (2011) showed that important constraints on the inner core, such as its chemical composition (related to the age of the star on the EHB) and its size, are indeed accessible, suggesting in particular that the mixed core may be larger than expected. This would imply that efficient extra mixing processes (e.g., core convection overshoot, semi-convection) are effective. More analyses of this kind, with improved modelling tools, are required to fully and objectively map the internal properties of hot subdwarf stars. The Kepler and K2 legacy is already providing a remarkable set of seismic data that remains to be fully exploited in that context, but TESS adds another dimension at this level, with the promise of expanding considerably the sample of objects exploitable through asteroseismology.
As anticipated, the delivery of the TESS data for hundreds of selected TASC WG8 targets monitored in the first sectors has revealed a wealth of photometric variations occuring in all types of evolved compact stars, including many eclipsing or non-eclipsing binaries and compact pulsators. These will be presented in forthcoming dedicated publications. Here, we focus on one of these objects, EC 21494-7018 (TIC 278659026), whose observation establishes that it is a bright, long-period pulsating sdB star that was not previously known to pulsate. The data reveal a particularly clean and rich pulsation spectrum, making this star a perfect target to attempt a detailed asteroseismic study. We present in Sect. 2, the analysis of the TESS light curve obtained for TIC 278659026, which constitutes the basis of the detailed asteroseismic study that follows in Sect. 3. We summarize our results and conclusions in Sect. 4.
Observations

About TIC 278659026
TIC 278659026 (also known as EC 21494-7018; O'Donoghue et al. 2013 ) 4 is a bright, V = 11.57 ± 0.09 (Høg et al. 2000) or G = 11.5928 ± 0.0009 (Gaia Collaboration et al. 2016 , blue high-proper-motion object first identified as a potential hot subdwarf by Jiménez-Esteban et al. (2011) . Its classification was later confirmed by Németh et al. (2012) on the basis of a detailed spectroscopic analysis of its atmosphere using non-LTE models that gives T eff = 23720 ± 260 K, log g = 5.65 ± 0.03, and log(He/H) = −3.22 +0.13 −1.13 for this star. The rather high surface gravity and low effective temperature imply a position for TIC 278659026 below the standard, M = 0.47 M , Zero Age Extreme Horizontal Branch, indicating that it might be less massive than typical hot B subdwarf stars. Kawka et al. (2015) indeed suggested that it could be a rare Extremely Low-Mass (ELM) white-dwarf progenitor, although they did not detect any significant radial velocity variations indicating the presence of a companion. Their average radial velocity measurement and dispersion is 43.4 ± 4.2 km s −1 , which is consistent with the independent measurement of 39.4 ± 7.5 km s −1 from Copperwheat et al. (2011) , who did not find any variability either. The photometry available for this star (see Sect. 3.3.1) rules out any main sequence companion earlier than type M5/M6. Geier & Heber (2012) reported a projected rotational velocity of v rot sin i = 8.6 ± 1.8 km s −1 for EC 21494-7018, which is close to the average value measured in their sample of 105 sdB stars. These estimates are obtained by modeling the broadening of metal lines in high-resolution optical spectra, as described by Geier et al. (2010) . A critical look at the FEROS spectrum of EC 21494-7018 reveals, however, that its S/N is not excellent, and only three metal lines could be used to estimate the projected rotational velocity, due to the low temperature of the star. Therefore, caution is advised concerning this particular measurement (see also the discussion of Sect. 3.1).
TESS Photometry
Despite having no previously known variability due to pulsations or other causes, TIC 278659026 was positioned at a Top panel shows the entire light curve (amplitude is in percent of the mean brightness of the star) spanning 27.88 d sampled every 120 s. Gaps in this time series are due to the midsector interruption during data download and missing points removed from the light curve because of a non-optimal quality flag warning. Middle panel shows an expanded view of the light curve covering the first 9 days, where modulations due to pulsations are clearly visible. Bottom panel shows the Lomb-Scargle Periodogram (LSP) of the light curve up to the Nyquist frequency limit of the 2-min sampling rate (∼ 4467 µHz). The horizontal dotted line indicates 4 times the median noise level. Significant activity well above this threshold and in a frequency range corresponding to g-mode pulsations is clearly detected.
high priority rank among the stars proposed by the TASC Working Group 8, because its atmospheric parameters, T eff and log g, places it well within the hot B subdwarf g-mode instability region (see, e.g., Figure 4 of Charpinet et al. 2009 ). It was observed in TESS Sector 1, from July 25 to August 22, 2018, and the time series consists of 18102 indi-Article number, page 3 of 24 A&A proofs: manuscript no. 35395 vidual photometric measurements 5 obtained with the 120scadence mode, covering almost continuously 27.88 days (669.12 hours) of observation. We base our analysis on the corrected time series extracted with the TESS data processing pipeline developed by the Science Processing Operations Center (SPOC) at NASA Ames Research Center. These light curves are delivered publicly along with pixel data at the Mikulski Archive for Space Telescope (MAST).
The top panel of Fig. 1 illustrates the TIC 278659026 light curve in its entirety. The apparent amplitude scatter visible at this scale shows up as a clearly multiperiodic signal in the close-up view focusing on 9 d of observation presented in the middle panel of Fig. 1 . A Lomb-Scargle Periodogram of the time series 6 (LSP; bottom panel of Fig. 1 ) confirms the presence of highly coherent low-amplitude modulations of the star brightness, with timescales ranging from 27 minutes to 2.89 hours. Such variations are typical of g−mode oscillations in hot subdwarf stars. Additional weak signals are also possibly present at the very low frequency range (< 5 µHz), but could be of instrumental origin. In contrast, no significant peaks are found in the LSP at higher frequencies, up to the Nyquist limit. Hence, these TESS data clearly establish that TIC 278659026 is a new bright pulsating sdB star of the V1093 Her class.
The g-mode pulsation spectrum
We performed a standard prewhitening and nonlinear leastsquare fitting analysis to extract the frequencies present in the brightness modulations of TIC 278659026 (Deeming 1976) . For that purpose, we used the dedicated software felix , see also Zong et al. 2016a) , which greatly facilitates the application of this procedure. Most of the coherent variability is found to reside in the 95 -650 µHz range where we could easily extract up to 23 frequencies above a chosen detection threshold at 4 times the median noise level 7 (see Table 1 ). The result of this extraction is illustrated in Fig. 2 , showing that the signal in Fourier space reconstructed from the 23 identified frequencies (plotted upside-down) reproduces very well the periodogram of the TESS light curve and no significant residual is found after subtraction of this signal. Close-up views of the most relevant parts of the spectrum are also provided in Fig. 3 . In effect, the lowest amplitude peak extracted has a S/N ratio of 4.4, well above the 4σ threshold. In order to estimate how reliable are the lowest amplitude peaks of our selection given in Table 1 , we have performed a Monte-Carlo test as described in Section 2.2 of Zong et al. (2016b) , but specifically tuned to the TESS light curve of TIC 278659026 (i.e., using the exact same time sampling and parameters to compute the LSP). This allows us to evaluate probabilities that a peak at given S/N -values or above is real and not due to a random fluctuation of the noise. The test indicates that our lowest-S/N frequency retained, f 23 with S/N = 4.4, has 99% chances to be real, while this probability goes above 99.99% (less than 1 chance out of 10,000 to be a false positive) for S/N 5.1. Since the 5 Only data points without any warning flag are considered and no additional processing of the light curve is done. 6 All L-S periodograms presented in this study are computed using oversampling by a factor of 7. 7 This threshold follows common practice in the field, but significance of the lowest-S/N peaks is re-evaluated afterward. Table 1 . The curve plotted upside-down is a reconstruction of the LSP based on the data summarized in this table, and the curve at the bottom (shifted vertically by an arbitrary amount for visibility) is the residual containing only noise after removing all the signal from the light curve. No peak above 4 times the average noise level is left in this residual. frequency spectrum is very clean, in particular around the few frequencies below S/N ∼ 5, we consider in the following analysis that even f 23 is a securely established frequency of TIC 278659026 pulsation spectrum.
It is important to note that, while most frequencies in the LSP could be prewhitened without leaving any residual behind, thus indicating strong stability over the 27.88 days of observation, significant remaining peaks could be found on two occasions. The first case occurred for f 7 at 185.014 µHz which has f 18 at 184.479 µHz as a closeby companion, considering that the formal frequency resolution in Fourier space for these data is 0.415 µHz (1/T , where T is the time baseline of the run). The other case is f 14 at 245.609 µHz which has f 20 at 245.102 µHz and f 17 at 246.027 µHz as close neighbours. From a pulsation perspective, these frequencies could very well be real independent modes of different degree that happen to have very close frequencies, barely resolved with the current data set. However, they may also be the signature of intrinsic amplitude and/or frequency modulations of the dominant peak, as discussed by Zong et al. (2016b Zong et al. ( ,a, 2018 . Therefore, as a precaution, we will retain only the main (highest amplitude) peak of each complex, namely f 7 and f 14 , for the detailed asteroseismic study of TIC 278659026.
Finally, we emphasize from Table 1 are indicated, except the three peaks (f18, f17, and f20; see text). In the top two panels, the separation in frequency between two consecutive peaks is indicated (the horizontal dotted-line segments). The horizontal dotted line in each panel indicates 4 times the median noise level used as an initial significance criterion. The Bottom panel shows the residual after prewhitening all the frequencies.
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A&A proofs: manuscript no. 35395 tor (27.88 days), targeting a bright (V = 11.57), hot and blue object (while TESS CCDs are red-sensitive), the amplitude of the noise in Fourier space is around 0.0043% (43 ppm) in the g-mode frequency range, which is a remarkable achievement, especially considering the modest aperture of the instrument. One can expect this noise to be reduced further by up to a factor of ∼ 3.5 for similar targets located in or near the Continuous Viewing Zone, that could be observed for up to one year. We also note that the uncertainty on the measured frequencies is typically around one-tenth of the formal frequency resolution.
Asteroseismic analysis
3.1. Interpretation of the observed spectrum Figure 3 shows a pulsation spectrum whose frequency distribution is quite typical of g-mode pulsators observed from space (e.g., Charpinet et al. 2010; Østensen et al. 2010) . The frequency spacings between consecutive peaks do not show quasi-symmetric structures that could clearly correspond to the signature of rotational splitting. Yet, one could argue that the projected rotational velocity (v sin i) of ∼ 8 km s −1 proposed for TIC 278659026, if true (see Sect. 2.1), would correspond, for a star of radius 0.15 R , to a rotation period that is at most slightly less than one day (P sin i). Assuming a median statistical inclination of 60°, this period would be ∼ 0.82 day, and the corresponding splittings ∼ 7 µHz for dipolar ( = 1) g-modes and ∼ 11 µHz for quadrupolar ( = 2) g-modes. Values close to these splittings can be seen between some of the observed peaks (see top panels of Fig. 3 ), but without the regularity that usually characterizes splittings at such slow rotation rates. Moreover, the typical average period spacings between consecutive g-modes of same degree in sdB stars generate frequency spacings in the range where these pulsations are
Article number, page 6 of 24 S. Charpinet et al.: TESS first look at evolved compact pulsators Fig. 4 . Illustration of the model parameters specifying the chemical stratification (see text for a full description of these parameters).
The hydrogen, helium, carbon, and oxygen mass fractions are shown as a function of fractional mass depth, log q, with plain, dashed, dot-dashed and dotted curves, respectively.
observed that are also of the same order without invoking rotation. To help distinguish between these two very different interpretations of the spectrum, it is important to recall that an unexplained discrepancy remains between the typical rotation rates inferred for sdB stars from spectroscopy (Geier et al. 2010; Geier & Heber 2012 ) and the rotation periods measured from well-identified rotational splittings observed in pulsating sdB stars, in particular in those with very long time series delivered by the Kepler satellite (see, e.g., Kern et al. 2017 and other references provided by Charpinet et al. 2018 ). These splittings indicate in a quite robust way that nearly all sdB pulsators, in particular the single ones, are extremely slow rotators with periods typically well above 10 days, at odds with the average ∼ 1 day rotation timescale suggested by Geier & Heber (2012) . Asteroseismology is clearly much more sensitive to very slow rotation rates than line broadening analyses, and the question then arises whether the ∼ 8 km s −1 projected velocity found to be typical of sdB stars, which is not far above the limit of this method with the available spectra, is an actual measurement of the surface rotation of the star, an upper limit of it, or reflects an effect other than rotation causing additional broadening of the metal lines that has not been taken into account, such as line broadening by pulsation. This issue is well beyond the scope of the present paper, but clearly needs further investigation, possibly with the acquisition and analysis of very high resolution spectra for a selection of pulsating and nonpulsating hot B subdwarf stars.
For the present seismic study of TIC 278659026, we rely on previous observations of pulsating sdB stars, indicating extremely slow rotation rates. We interpret 20 observed frequencies (those marked with a "*" sign in Table 1 ) as independent sectoral (m = 0) g-modes (first assumption) of degree = 1 or = 2 (second assumption). The first as-sumption follows from the above discussion and is further justified by the fact that the time baseline of the TESS run would probably be too short to resolve eventual m = 0 components in this framework. The observed frequencies can therefore be compared with the model frequencies computed assuming a nonrotating star, without any impact on the solution. The second assumption limits our search to dipole ( = 1) and quadrupole ( = 2) modes only, and is justified by the fact that cancellation effects over the stellar surface very strongly reduce the apparent amplitude of > 2 g-modes in sdB stars, except for very specific inclination angles of the pulsation axis relative to the line of sight. This has been clearly illustrated in Figure 11 of Charpinet et al. (2011) , which shows that = 3 and 4 modes have apparent amplitudes already reduced by a factor of at least 10 due to this effect. Such modes are therefore much less likely to be seen in the current data.
Method and models
The asteroseismic analysis of TIC 278659026 is based on the forward modelling approach developed over the years for hot-subdwarf and white-dwarf asteroseismology and described by, e.g., Charpinet et al. (2005 Charpinet et al. ( , 2008 ; Van Grootel et al. (2013) ; Charpinet et al. (2014c Charpinet et al. ( , 2015 ; Giammichele et al. (2016) . The method is a multi-dimensional optimization of a set of parameters, {p 1 , ..., p n }, defining the stellar structure of the star with the goal to minimize a "merit function" that measures the ability of that model to reproduce simultaneously all the observed pulsation frequencies.
In the present analysis, the quality of the fit is quantified Article number, page 7 of 24 A&A proofs: manuscript no. 35395 using a χ 2 -type merit function defined as
where N obs is the number of observed frequencies and (ν obs,i , ν th,i ) is a pair of associated observed/computed frequencies. We recall that this quantity, S 2 , is minimized both as a function of the frequency associations, referred to as the first combinatorial minimization required because the observed modes are not identified a priori, and as a function of the model parameters, {p 1 , ..., p n } (the second minimization). This optimization is carried out by the code lucy (see Charpinet et al. 2008 ), a Real-Coded Genetic Algorithm (RCGA) 8 that can pursue multimodal optimization (i.e., searching simultaneously for multiple solutions) in any given multi-dimensional parameter space. This optimizer is coupled with a series of codes dedicated to the computation of the stellar structure itself (given a set of parameters) and its pulsation properties, as well as to the matching of the computed frequencies with the observed ones. Our current version of stellar models used for quantitative asteroseismology of sdB stars is an update of the Montréal "third-generation" (3G) models designed for an accurate computation of g-mode frequencies (Brassard & Fontaine 2008 Van Grootel et al. 2010a; Charpinet et al. 2011 ). These models are complete hydrostatic stellar structures in thermal equilibrium computed from a set of parameters that define the main structural properties of the star. The implemented parameterization is inspired from full evolutionary calculations, which provide the guidelines to reproduce, e.g., the general shape of the composition profiles in these stratified stars, but with additional flexibility. Such parameterized static structure models offer greater versatility, faster computations, and allow for much greater exploration of structural configurations in the spirit of constraining these from the pulsation modes themselves. The derived optimized structures are therefore seismic models that are mostly independent of the uncertainties still present in the physics that drives stellar evolution and shapes the chemical structure of the star over time (mixing and diffusion processes, mass losses, nuclear reaction rates, etc). 9
Compared to the former 3G models used by, e.g., Van Grootel et al. (2010a,b) ; Charpinet et al. (2011) ; Van Grootel et al. (2013) , the most important improvement is that 8 Real Coded Genetic Algorithms form a class of GAs that encode solutions into chromosomes whose genes are real numbers, typically between 0 and 1, instead of bits of value 0 or 1 used in binary-coded GAs. Apart from this distinction, the solutions are evolved similarly by applying selection, mating, and mutation operators specifically designed for real coded chromosomes. RCGAs overcome several issues typically encountered with classical binary-coded GAs, such as the Hamming cliff problem, the difficulty to achieve arbitrary precision, and problems related to uneven schema significance in the encoding. 9 Of course, full independence from stellar evolution theory is not achieved (and may never be), because parameterized static models still assume some general shapes for composition profiles that are motivated by stellar evolution calculations (the doublelayered H+He envelope expected from the action of gravitational settling, for instance). Moreover, static models are still subject, as are evolutionary models, to uncertainties associated with the constitutive microphysics, such as equation-of-state, opacities, etc. 
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our current stellar structures for sdB stars now implement a more realistic hydrogen-rich envelope with a double-layered hydrogen/helium composition profile. This addition was motivated by the fact that diffusion of helium through gravitational settling does not have time, during the typical duration of the core helium burning phase, to completely sink below the envelope when this envelope is relatively thick (see, e.g., Hu et al. 2009 Hu et al. , 2010 . This is most likely to be relevant for g-mode sdB pulsators that are found among the cooler sdB stars having thicker envelopes, while the hotter p-mode sdB pulsators all have thinner envelopes that quickly become fully hydrogen-pure. Consequently, in the present analysis, the assumption of a pure hydrogen envelope used so far is better replaced by an envelope which may still contain some helium, with a transition from pure hydrogen (at the top) to a mixture of H+He (at its base). The technical implementation of this double-layered H+He composition profile is identical in its principle to the implementation of a double-layered helium envelope in DB white dwarf models, as described recently in the Methods section of Giammichele et al. (2018) . The input parameters needed to fully define the stellar structure with these improved models are the following. First the total mass, M * , of the star has to be given. All additional parameters specify the chemical stratification inside the star, as illustrated in Fig. 4 . We start with five parameters defining the double-layered He/H envelope structure. The first one is the fractional mass of the outer hydrogen-rich envelope, log q(env) = log(M env /M * ), corresponding in effect to the location of the deepest transition of the double-layered structure, from the pure He mantle to the mixed He/H region at the bottom of the envelope. The second one is the fractional mass of the pure hydrogen layer at the top of the envelope, log q(H/diff) = log(M H/diff /M * ), which fixes the location of the transition between the He/H mixed layer to the pure hydrogen region. The shape (or extent) of both transitions are controlled by two additional parameters, P f (envl) and P f (H/diff) (see the Methods section of Giammichele et al. 2018 for details). The remaining parameter, X(H) envl , closes the specification of the envelope structure by fixing the mass fraction of hydrogen in the mixed He/H region of the envelope. We also note for completeness that the stellar envelope incorporates a non- Fig. 5 . log S 2 -projection maps for pairs of primary model parameters showing location and shape of best-fitting regions in parameter space (see text for more details). Note that S 2 is normalized to one at minimum and the color scale is logarithmic. Dark blue indicates the best-fit regions and the dotted contour line is an estimate of the 1σ-confidence level, obtained in a similar way to that described by Brassard et al. (2001) . Article number, page 9 of 24 uniform iron distribution computed assuming equilibrium between radiative levitation and gravitational settling (see Charpinet et al. 1997 Charpinet et al. , 2001 . In addition to this set of parameters, the core structure has to be defined by specifying the fractional mass of the convectively mixed core, log q(core) = log(1 − M core /M * ), which sets the position of the transition between the CO-enriched core (due to helium burning) with the surrounding helium mantle. How steep (or wide) is this transition is specified by the profile factor, P f (core), and the composition of the core is determined by the two parameters X(He) core and X(O) core providing the mass fraction of helium and oxygen (the complement being carbon, with X(C) core = 1 − X(He) core − X(O) core ). A full EHB stellar structure is therefore entirely specified with the 10 "primary" parameters mentioned above. Other "secondary" quantities, such as the effective temperature, surface gravity, or stellar radius, simply derive from the converged stellar model in hydrostatic and thermal equilibrium.
Finally, we recall that the seismic properties of a given stellar model are computed using the Montréal pulsation code (Brassard et al. 1992; Brassard & Charpinet 2008) . Calculations in the adiabatic approximation are sufficient for the present purposes and much more efficient numerically than the full non-adiabatic treatment.
Search for an optimal seismic model
The search for an optimal solution that reproduces the seismic properties of TIC 278659026 was conducted in the multi-dimensional space defined by the 10 primary model parameters discussed in the previous subsection. A first exploratory optimization with the code lucy was performed to cover the largest possible domain in parameter space, relevant for virtually all configurations that could potentially correspond to a typical hot subdwarf B star. This wide domain is defined in the second column of Table 2 and the search was done without considering at this stage the constraint available from spectroscopy. Remarkably, this first calculation pointed toward a basin of solutions located very close to the spectroscopic values of log g and T eff , suggesting a sdB star of relatively low mass. This helped to reducee the size of the search space for the ultimate convergence toward the best-fit solution.
The second and ultimate round of optimization was conducted within the ranges given in the third column of Table 2. This time the spectroscopic values of log g and T eff were introduced in the optimization process as additional external constraints degrading progressively the merit function when a computed model has log g and/or T eff that differ from spectroscopy by more than a tolerance range set to be 3σ (3 times the spectroscopic error). The optimizer lucy was configured to aggressively converge each potential model solution found in parameter space by combining the GA search with a simplex optimization round. This step ensures that the global and eventual local minima of the merit function are effectively reached. This second round of calculation required the computation and comparison with observed frequencies of 1,555,425 seismic models 10 . We point out that the parameter X(H) envl was kept within the narrow 0.70 − 0.75 range from the assumption that the progenitor of TIC 278659026 had a homogeneous H+He envelope close to solar composition when it enterred the EHB phase. Yet, the possibility that the star may have a significantly different H/He ratio in the envelope due to passed episodes of mixing related to binary evolution is not totally excluded. The impact of widening this range is discussed in Sect. 3.3.3 and Appendix A.
The first result emerging from the optimization in the 10-dimensional parameter space is the identification of a solution for TIC 278659026 that clearly dominates over other secondary options. This is illustrated in Fig. 5 , showing the 2D projection maps of log S 2 (S 2 being normalized to ... the topology of S 2 derives from the sampling of the merit function by the optimizer during the search. While log S 2 has a rather complex structure with several local dips, as expected, a dominant global minimum is found. Moreover, all parameters appear well constrained (i.e., precisely localized around the optimum), except for the hydrogen content in the mixed He/H region at the based of the envelope, X(H) envl , whose minimum is an elongated valley (see also Appendix A), and, to a lesser extent, the shape factors P f (envl) and P f (H/diff) that also tend to spread more over their explored range than other parameters.
Secondary quantities
The identification of a well-defined global minimum dominating all the other optima allows for the selection of an optimal seismic model of TIC 278659026 and the determination of its parameters through the series of plots provided in Fig. 6, 7, 8, 9 , and 10. These histograms show the probability distributions for the most relevant parameters through marginalization. As described in, e.g., Van Grootel et al. (2013) , these distributions are evaluated from the likelihood function (∝ e − 1 2 S 2 ) and are useful to estimate the internal error associated with each parameter value. Here, slightly differing from previous similar studies, the adopted parameter values are those given by the optimal model solution, which closely corresponds to the mode (maximum) of their associated distribution. This ensures internal physical consistency between all values, since they exactly represent the optimal seismic model. Moreover, since some histograms can differ significantly from the normal distribution, for instance when secondary peaks are visible, we chose to estimate these errors by constructing a second distribution computed from a restricted sample in the vicinity of the dominant solution, thus filtering out secondary optima (see the caption of Fig. 6 for more details). All the values derived from the optimal seismic model and their estimated errors are provided in Table 3 , along with other independent measurements of the same quantity when available, for comparison purposes.
Global parameters
The seismic model uncovered for TIC 278659026 has T eff and log g values in very close agreement -both within or very close to the 1σ error bars -with the values measured independently from spectroscopy (Fig. 6 ). This demonstrates a remarkable consistency of the solution that was not guaranteed a priori. We also find that TIC 278659026 has a tightly constrained radius of 0.1694 ± 0.0081 R and a mass of 0.391 ± 0.009 M (Fig. 7) . The latter is significantly less than the canonical mass of ∼ 0.47 M expected for typical hot B subdwarf stars, which indeed explains why TIC 278659026 has a rather high surface gravity (and small radius) given its relatively low effective temperature, that places it somewhat below the bulk of hot subdwarfs in a log g − T eff diagram. It is the first g-mode pulsating sdB star (and only second pulsator, if we include the V361 Hya stars) with such a low mass determined precisely from asteroseismology. Therefore, this object bears a particular interest in the context of determining the empirical mass distribution of field sdB stars (see, Fontaine et al. 2012) .
A second important test of the reliability of the seismic solution is provided by the comparison, in Table 3 , between the distance of the star measured from the available Gaia DR2 trigonometric parallax and the "seismic distance" evaluated from the optimal model properties. The latter is obtained by computing a representive model atmosphere of TIC 278659026 based on T eff and log g obtained from the seismic model (see, Fontaine et al. 2019 ). The synthetic spectrum computed from this model atmosphere is then used to derive absolute magnitudes and theoretical color indices in the photometric band-passes of interest. Combined with photometric measurements, these values give access to estimates of the interstellar reddening and ultimately to the distance modulus (corrected by the extinction, which is found to be almost negligible in the present case). We find that the seismic distance obtained for TIC 278659026 is in very close agreement -compatible with 1σ errors -with the distance measured by Gaia. This indicates that the global properties of the star obtained from our seismic analysis, in particular its effective temperature, mass, and radius, are indeed accurate to the quoted precision. Table 4 . List of the observed magnitudes used to fit the SED (see Fig. 11 ).
System
Bandpass Magnitude As a last complementary check, we derive interstellar extinction from the spectral energy distribution (SED) and colors by comparing all available photometric measurements for TIC 278659026 to synthetic ones calculated from an appropriate model atmosphere (see Fig. 11 ). The photometry used in Fig. 11 (see Table 4 ) covers from the u- Details of the model spectra and the fitting procedure are given by Heber et al. (2018) . The angular diameter obtained from this fit is θ = 3.42 +0.05 −0.06 × 10 −11 rad, and interstellar reddening is found to be zero (i.e., E(B-V) ≤ 0.009; consistent with the value given in Table 3 ). This approach also estimates a photometric effective temperature which is well within 1σ agreement with other methods, giving T eff = 23600 +700 −400 K. Using the high-precision parallax provided by Gaia DR2, = 4.910 ± 0.051, combined with the angular diameter and the surface gravity, the stellar mass can be obtained through the relation M = g Θ 2 /(4G 2 ). This results in a mass of M = 0.390 ± 0.091 M , based on the atmospheric parameters from Németh et al. (2012) using a conservative estimate of 0.1 dex for the error on log g, instead of the statistical uncertainties quoted by the authors. This value is remarkably consistent with the mass derived from the asteroseismic solution. We close this discussion by noting that, interestingly, the WISE W2 measurement rules out the presence of a companion earlier than type M5/M6 (assuming a 3σ excess at W2 above the expected flux coming from the sdB photosphere).
Potential implications in terms of evolution
According to Han et al. (2002 Han et al. ( , 2003 , such a low-mass sdB star is most probably produced by the first stable Roche lobe overflow (RLOF) channel, although there is presently no indication of the presence of a stellar companion. The low mass inferred suggests that TIC 278659026 must have started helium burning in non-degenerate conditions, i.e., before reaching the critical mass that triggers the helium flash. Stellar evolution calculations show that main sequence stars with masses above ∼ 2 M ignite helium before electron degeneracy occurs, and consequently have less massive cores. TIC 278659026 could, in this context, become the first evidence of a rare hot B subdwarf star that originates from a massive ( 2 M ) red giant, an alternative formation channel investigated by Hu et al. (2008) . Finally, we note that the inferred mass and the presence of pulsations at such high effective temperature rule out the suggestion from Kawka et al. (2015) that TIC 278659026 may be an ELM white-dwarf progenitor.
Internal structure
Beyond the determination of the fundamental parameters characterizing TIC 278659026, our asteroseismic analysis provides insight on the internal structure of the star, in particular its chemical composition and stratification. Interesting constraints on the double-layered envelope structure are indeed obtained (Fig. 8, 9 and Table 3 ), along with measurements of the helium-burning core properties ( Fig. 10 and Table 3 ). The various parameters defining these structures fully determine the chemical composition distribution inside the best-fit model for the 4 main constituents H, He, C, and O, and Fig. 12 provides a more convenient way to visualize these profiles and their uncertainties. This plot is constructed from the composition profiles in the 1,555,425 models evaluated by the optimizer during its exploration of the parameter space (see Giammichele et al. 2017 who introduced similar plots in a white dwarf context). Each model (and therefore each composition profile) has a S 2value attributed regarding its ability to match the pulsation frequencies of TIC 278659026. Consequently, probability distributions for the amount of H, He, O, and C (the complement of He and O in the core) as functions of the fractional mass depth, log q = log(1 − m(r)/M * ), can be evaluated. We find from these distributions that a welldefined region corresponding to best-fitting models emerge for each element, thus materializing the chemical stratification of TIC 278659026 as estimated from asteroseismology. Significantly weaker secondary solutions can also be seen in these diagrams.
From the seismic solution obtained, we find that TIC 278659026 has a thick envelope by sdB standards, with log q(envl) = −2.11 ± 0.11, with a double-layered structure for the He+H profile indicating that gravitational settling has not yet completely segregated helium from hydrogen 11 . Such a configuration is indeed expected for a cool sdB star such as TIC 278659026, since envelope masses of EHB stars are strongly correlated with effective temperature and element diffusion does not have time in principle to affect the base of a thick envelope. The mass fraction of hydrogen present in this mixed He+H region is not really constrained (due to a very weak sensitivy of the g-mode pulsation frequencies to this parameter) although the optimal seismic model gives X(H) envl ∼ 0.72. Note that we imposed this quantity to be close to the proportion expected in the solar mixture (by exploring only a narrow range of values), assuming that the sdB envelope is the remnant of were within the search domain, but did not produce optimal seismic solutions for TIC 278659026.
the original main-sequence stellar envelope with unchanged composition. However, in light of Fig. 9 , one might argue that a global optimum may lie outside of the range considered. Moreover, the evolution history of the progenitor of TIC 278659026 may not necessarily lead to a nearly solar H/He ratio in the envelope. We have therefore, as a check, extended the analysis to a wider range of X(H) envl values with additional calculations described in Appendix A. The latter shows that : 1) there is no preferred value for X(H) envl in the ∼ 0.58 − 0.86 range that would lead to a significantly better fit; 2) models with He-enriched envelopes above Y 0.42 seem excluded; and 3) our identified optimal solution remains entirely valid (only some derived parameters may have slightly larger error estimates propagated from the wider range considered for the envelope hydrogen content). After this test, we therefore confidently keep the solution identified from our more constrained calculations as the reference.
The inner core structure is also unveiled, pointing to a rather large mixed core with a fractional mass log q(core) = −0.295±0.013, corresponding to M core = 0.198±0.010 M . This size is reached while the estimated remaining helium mass fraction in that region is X(He) core = 0.575 +0.063 −0.027 . TIC 278659026 is therefore close to the mid-stage of its helium-burning phase, as it has transformed about 43% of its helium into carbon and oxygen. We point out that the value obtained for the core size is comparable to some estimates already provided for this quantity by Charpinet et al. (2011) for the star KIC 02697388 (solution 2) and by Van Grootel et al. (2010b) for the star KPD 0629-0016. The latter in particular, although more massive as it has a canonical mass of 0.471 ± 0.002 M , happens to be nearly at the same stage of its core helium-burning phase, with ∼ 59% (in mass) of helium left in the central region, while its estimated core size is log q(core) = −0.27 ± 0.01 (M core = 0.22 ± 0.01 M ). Nonetheless, Van Grootel et al. (2010a) also provide a seismic estimate of the core mass for the sdB pulsator KPD 1943+4058, but obtain a significantly larger measurement for this quantity. This star may need to be re-investigated with our most recent modelling tools applied to the full data set now available (the Van Grootel et al. 2010a analysis was based on Kepler 's Q0 light curve only). Remarkably, and for the first time in a hot B subdwarf star, our present seismic modelling of TIC 278659026 also provides an estimate for the oxygen mass fraction in the helium burning core. We find that X(O) core = 0.16 +0.13 −0.05 and consequenly the estimated carbon mass fraction is X(C) core = 0.27 +0.06 −0.14 . These values, along with knowing the size of the core, are of high interest as they are directly connected with the uncertain rate of the 12 C(α, γ) 16 O nuclear reaction, which is fundamental in many areas of astrophysics.
Frequency match and mode identification
The optimal seismic model uncovered for TIC 278659026 provides the closest match to the observed frequencies obtained thus far for a g-mode pulsating sdB star. With an average relative dispersion |∆X/X| = 0.07% (X = P or ν), which corresponds, on an absolute scale, to |∆P | = 3.16 second and |∆ν| = 0.161 µHz for 20 frequencies matched simultaneously, this fit outperforms previous comparable studies presented by Van Grootel et al. (2010a,b) and Charpinet et al. (2011) Table 5 . Plain and dotted vertical lines indicate the reduced periods of the observed modes matched to = 1 and = 2 modes, respectively. When two observed modes of same degree have consecutive radial orders, an observed reduced period spacing is also indicated (filled squares and filled triangles for = 1 and = 2 modes, respectively). Bottom panel : same as above, but for the logarithm of the kinetic energy (or inertia), log E kin , of the modes as a function of reduced period. relative dispersion. This significant gain in matching precision is clearly due to the improvements implemented in stellar models used in the present analysis relative to these older studies, that is the inclusion of a double-layered hydrogen-rich envelope (see Section 3.1). We point out that this ability to better reproduce the observed oscillation spectrum is certainly the main factor that has allowed us to extract more information about the internal structure of TIC 278659026. We also find that our best fit reaches an absolute precision in frequency that is ∼ 2.5 times better than the formal resolution of this TESS observing run (1/T = 0.415 µHz). However, since the actual uncertainty on each frequency measurement is of the order of one-tenth of the formal resolution (Table 1) , the match is not perfect and significant room still remains to further improve our seismic modelling. A better description of the heliumburning core boundary to produce profiles that comply more accurately to those produced by, e.g., semi-convection is among future improvements that we plan to introduce.
All the details of the g-mode spectrum of the optimal model, the frequency fit, and the associated mode identification are given in Table 5 and illustrated in Fig. 13 . The table provides, for each mode, the degree and radial or-der k, the computed adiabatic frequency and period (ν th and P th ), their corresponding matched frequency and period (ν obs and P obs ) when available, the logarithm of the kinetic energy (or inertia) of the mode (log E kin ; see, e.g., Charpinet et al. 2000) , the first-order Ledoux coefficient for slow rigid rotation (C k ), and the relative and absolute differences between the observed and computed values ∆X/X, ∆P , and ∆ν, when available. We find that the 20 independent frequencies of TIC 278659026 are well interpreted as 13 = 1 and 7 = 2 g-modes of low-tointermediate radial orders ranging from k = 7 − 57. The observed spectrum is clearly incomplete, with many undetected eigenfrequencies that are present in the model. Many of these unseen frequencies may be excited by the driving engine, but to amplitude levels that are simply below the detection threshold reached. They may also not be exited at all, but linear nonadiabatic calculations indicate that all modes within the instability range should in principle be driven Jeffery & Saio 2007; Bloemen et al. 2014) . The mechanisms controlling mode amplitude saturation are not well known. Moreover, amplitudes can change over long timescales in g-mode sdB pulsators, probably due to nonlinear mode interactions, as documented by Zong et al. (2016a Zong et al. ( , 2018 . In this context, bottom panel of Fig. 13 suggests that modes of lowest inertia (or kinetic energy), which are susceptible to be excited to higher intrinsic amplitudes for a given amount of energy, seem indeed to be the ones most seen in the spectrum of TIC 278659026. Hence, the overall amplitude distribution (and detectability) of g-modes in sdB pulsators probably has mode inertia as one of its controlling factors, but other effects play an important role too.
Despite the relatively sparse distribution, several observed frequencies are grouped into 2 or 3 modes of consecutive radial order. The top panel of Fig. 13 illustrates the pulsation spectrum of the best-fit model and the matched observed modes in terms of their reduced period spacing, ∆P k = (P k+1 − P k ). ( + 1), plotted as a function of reduced period, P k . ( + 1), for the dipole and quadrupole series. This representation highlights a series of oscillations and dips that occur around the theoretical average reduced period spacing, Π 0 , whose value is 278.4 s for the optimal model 12 , which are typical of trapping effects generated by rapid changes of the chemical composition, e.g., at the core edge or at the mantle/envelope transition (see Charpinet et al. 2000 Charpinet et al. , 2002a Charpinet et al. ,b, 2014a . We note that the period spacings derived from Π 0 are comparable to those observed for the g-dominated mixed modes in core helium-burning red giants (O'Toole 2012), thus underlining that the convectively mixed He-burning cores of EHB and red clump stars should be similar. Moreover, we point out that trapping affecting the mixed modes also occurs in red giant stars (Bedding et al. 2011) . As expected from asymptotic relations, all modes of the same radial order but different degree almost always overlap in the reduced period space and follow the same patterns. We note a slight distortion to this rule around two dips where the trapping occurs with a shift of ∆k = 1 for = 2 modes compared to their = 1 counterpart. This distortion appears related 12 In the asymptotic limit, Π0 = 2π 2 ´R 0 |N | r dr −1 , where N is the Brunt-Väisälä frequency, r is the distance from the star's center, and R is the star's radius.
Article number, page 17 of 24 A&A proofs: manuscript no. 35395 to the sharp transition at the core boundary which has the peculiarity to be located close to the inner turning point of the gravity waves in their resonant cavity. Overall, we find that the observed periods and their identification match quite well the model spectrum properties. However, small discrepancies are still noticeable, reflecting, as mentioned previously, the greatly improved but still imperfect models used in this asteroseismic analysis.
Summary and conclusion
We have reported on the discovery of a new bright g-mode pulsating hot B subdwarf star, TIC 278659026 (EC 21494-7078), by the NASA/TESS mission. This object is just one of the hundreds of evolved compact stars (mostly hot subdwarfs and white dwarfs) monitored with the 120s-cadence mode in the first TESS sector. This effort is part of a larger program driven by TASC Working Group 8 to survey thousands of bright evolved compact stars for variability. The data consists of 27.88 days of photometry with a nearly continuous coverage, thus offering a clear view of the pulsation spectrum of TIC 278659026. The analysis of the time series revealed the presence of many frequencies in the 90-650 µHz range, among which 20 are interpreted as independent low-degree ( = 1 and 2) gravity modes later used to provide strong seismic constraints on the structure and fundamental parameters of the star.
The asteroseismic investigation of TIC 278659026 was conducted with our state-of-the-art modelling and optimization tools. These implement a forward modelling approach developed over the past 15 years and described in some detail in papers by Van Grootel et al. (2013) , Giammichele et al. (2016) , and references therein. Compared to former analyses of g-mode sdB pulsators, we used an improved version of the Montréal third-generation (3G) stellar models (Van Grootel et al. 2010a,b; Charpinet et al. 2011) implementing a more complex envelope structure that allows for double-layered hydrogen/helium profiles. Such profiles are characteristic of the outcome of gravitational settling for the coolest hot subdwarfs, when helium lacks time to completely sink below their relatively thick envelopes during the lifetime of the star on the Extreme Horizontal Branch. Former 3G models assumed pure hydrogen envelopes which were not fully appropriate to analyse the coolest g-mode sdB pulsators.
The extensive search for a best-fit seismic model reproducing the 20 frequencies that characterize TIC 278659026 led to the identification of a well-defined solution in close agreement with available constraints on T eff and log g derived from spectroscopy (Németh et al. 2012) . The solution also agrees remarkably well with the distance measured independently from the Gaia trigonometric parallax, through a comparison with the "seismic distance" estimated from the model properties (see Section 3.3.1 and Table 3) , and with the mass estimated from combining the fit of the spectral energy distribution and the Gaia parallax. All constitute important tests validating the accuracy of the identified seismic model. Through this solution, asteroseismology is giving us extensive information on fundamental parameters and internal structure in TIC 278659026. In particular, we find that this star has a mass of 0.391 ± 0.009 M , which is significantly lower than the canonical mass of 0.47 M characterizing most hot B subdwarfs, and could originate from a massive ( 2 M ) red giant progenitor.
Other notable results include constraints on the chemical stratification inside the star. We found, in particular, that TIC 278659026 has a rather thick H-rich envelope, with M (H) = 0.0037 ± 0.0010 M (computed from log q(envl) = −2.11 ± 0.11; see Table 3 ), whose structure includes a double-layered He/H distribution caused by still ongoing gravitational settling of helium. The core, for its part, is found to be more extended than typically predicted by standard evolution models, reaching a mass of 0.198 ± 0.010 M (log q(core) = −0.295 ± 0.013) while TIC 278659026 is at about half-way of its evolution through the core helium-burning phase. The mass fraction of helium remaining at the center of the star is estimated to be X(He) core = 0.575 +0.063 −0.027 . Therefore, this star constitutes another case that suggests, along with three other hot subdwarfs analyzed previously and recent evidence from white dwarf asteroseismology, that helium-burning cores are larger than predicted by current implementations of physical processes shaping the core structure in stellar evolution calculations. The present measurement thus provides a very useful quantitative constraint to explore this issue. We also found that the oxygen mass fraction produced in the core (and consequently the amount of carbon present) is constrained for the first time in a sdB star (and by extension in a core helium burning star) to a quite interesting level of precision, X(O) core = 0.16 +0.13 −0.05 (and for carbon, X(C) core = 0.27 +0.06 −0.14 ). These values, along with the determination of the core size mentioned previously, are directly connected to the 12 C(α, γ) 16 O nuclear reaction, which is important in many areas of astrophysics but whose rate is still highly uncertain. TIC 278659026, through the present seismic analysis, may thus become an important test to improve our knowledge on this issue as well.
We conclude this paper by emphasizing that this analysis of the hot B subdwarf star TIC 278659026 discovered to be pulsating by TESS, and based on only one sector, is a demonstration that this instrument, even if not technically optimized for asteroseismology of hot and faint evolved compact stars, is providing outstanding data that can significantly drive this field forward. TESS's greatest advantage over previous similar projects (K2, Kepler, CoRoT, and MOST ) is that it will survey many more hot subdwarf stars during the two years of its main mission. Among them, many will be pulsating sdB stars with a comparable seismic potential and it will allow us to probe the interior and core structure of these stars over wider ranges of masses and ages on the extreme horizontal branch. TESS contribution to this research area should therefore prove very significant.
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The model parameter space searched for a best-fit seismic solution that matches the frequencies of TIC 278659026 was originally defined to cover the widest possible range assumed relevant for "typical" hot subdwarf B stars. In this context, the quantity X(H) envl , which sets the hydrogen mass fraction (and consequently the H/He mass ratio; see Fig.4 ) at the bottom of the envelope, was kept confined within a narrow range between 0.70 and 0.75, assuming that the main sequence progenitor probably had an H-rich envelope of roughly solar composition that remained unspoiled before reaching the hot B subdwarf stage. However, the results from the seismic analysis suggests that TIC 278659026 has a relatively low mass and may not be a typical sdB star. This star may have undergone a nondegenerate ignition in the helium core, thus possibly originating from a massive progenitor. If produced, e.g., through a Roche-Lobe Over Flow (RLOF) phase, the original composition of the envelope may have been altered to significantly differ from standard evolution expectations, with X(H) envl possibly well outside the narrow range originally defined. Moreover, the lack of constraint from the seismic solution for this parameter in the 0.70 -0.75 range (see Fig. 5 and 9 ) leaves open the possibility that a better seismic solution could reside outside of the parameter space originally searched.
To address this issue, we present additional computations extending the search to a much wider range of values for the X(H) envl parameter. A new optimization was launched within the ranges given in the third column of Table 2 , except that X(H) envl was now allowed to vary between 0 and 1 (instead of 0.70 and 0.75 in the original search), thus covering the entire range of possible values for this parameter. Due to the larger parameter space open for exploration, this calculation was performed on the highperformance cluster OLYMPE at the CALMIP computing center using 960 CPU cores in parallel that ran for approximately 2 days and required the computation of 1,863,344 seismic models, thus adding to the 1,555,425 models already calculated in this study. The results are illustrated in Fig.  A.1 .
First, we find no significant improvement in terms of quality-of-fit for the best solutions within this extended parameter space. The model formerly identified still holds among the best ones, i.e., within the 1σ-contours shown in Fig. A.1 . Hence, no clear optimal value exists for X(H) envl that could have been missed due to the narrow range originally imposed. Instead, Fig. A.1 reveals that best-fit models are found within a flat and elongated region that covers the range X(H) envl ∼ 0.58 − 0.86. Models with envelope hydrogen mass fractions above and below these limits appear to produce lower quality solutions. Therefore, a significantly helium-enriched envelope (with Y 0.42) for TIC 278659026 seems excluded.
The impact for the other model parameters of allowing a wider range of values for X(H) envl is limited (we refer again to Fig. A.1) . The best-fit stellar masses remain in the ∼ 0.375 − 0.40 M range, which is almost entirely contained in the errors quoted in Table 3 for this quantity. Interestingly, only models with X(H) envl 0.62 result in slightly lower mass solutions ( 0.38M ), which arguably may be less consistent with other independent measurements for this quantity. Similarly agreeing with values and errors given in Table 3 , the inferred helium and oxygen mass fractions in the core, X(He) core and X(O) core , remain within the 0.48 − 0.62 and 0.08 − 0.29 ranges, respectively, while the core boundary fractional mass depth, log q(core), is in the interval [−0.31, −0.27]. Slightly wider ranges for the main parameters defining the envelope structure are obtained. The best-fit fractional mass depth for the core/envelope boundary, log q(envl), ranges from −2.30 to −1.80, with a clear correlation with X(H) envl (less hydrogen being associated with a slightly deeper transition), and the inferred location for the transition with pure-hydrogen layers, log q(H/diff), is in the interval [−3.70, −3.30].
We conclude from this extended search that the parameters derived from the original study restraining X(H) envl to the narrow interval [0.70, 0.75] are not fundamentally changed when widening this range. Therefore, the asteroseismic solution was not artificially constrained by this prior. The main impact, if we allow the H/He mass ratio to differ significantly from typical solar composition, is slightly larger uncertainties for some derived parameters.
Article number, page 23 of 24 3.2 and text for details). All pairs include the X(H) envl parameter, thus showing correlations that may exist between this quantity and other model parameters. Note that S 2 is normalized to one at minimum and the color scale is logarithmic. Dark blue indicates the best-fit regions and the dotted contour line is an estimate of the 1σ-confidence level, obtained in a similar way to that described in Brassard et al. (2001) .
